Introduction {#Sec1}
============

The diagnosis of dementia with Lewy bodies (DLB) has proven to be challenging, especially in the early disease phase, as the sensitivity changes from 19.4% in early stages to 72.3% in late stages \[[@CR1]\]. This might be due to the extremely heterogeneous clinical presentation characterizing early DLB, when core symptoms are not yet evident or partially present. The most frequent DLB misdiagnoses are Alzheimer's disease (AD), Parkinson's disease (PD), and other atypical parkinsonisms \[[@CR1]\].

Despite all efforts to improve the clinical diagnosis of DLB, further studies are needed to identify a valid biomarker that accurately supports DLB diagnosis even in the early disease phase. \[18F\]FDG-PET represents a good candidate early biomarker, revealing significant glucose hypometabolism in brain tissues where neuronal death has not yet occurred. Of note, \[18F\]FDG-PET allows for detection of patterns of brain hypometabolism, the topography of which is specific to different neurodegenerative conditions \[[@CR2], [@CR3]\]. In DLB, two decades of research have consistently shown a specific occipital metabolic signature (see Additional file [1](#MOESM1){ref-type="media"}: Table S1 for references). Accordingly, \[18F\]FDG-PET occipital hypometabolism has been long included in the DLB diagnostic criteria \[[@CR4], [@CR5]\], although only as a *supportive* biomarker, due to very little evidence supporting its utility for early diagnosis (cfr. \[[@CR4]\]). In addition, the suboptimal performance of \[18F\]FDG-PET biomarker reported so far might be due to the methods used for measuring \[18F\]FDG-PET hypometabolism \[[@CR6]--[@CR8]\]. For instance, the adoption of a simple visual evaluation of radioactivity distribution, instead of standardized semi-quantitative or quantitative methods, may have some important implications (e.g., \[[@CR6], [@CR7]\]). Specifically, the lack of a clear cut-off between a normal and pathological metabolic pattern makes visual assessment difficult and dependent on the observers' expertise. In the last decade, PET neuroimaging research has focused on the development of tools to provide a reliable definition of hypometabolism patterns. The processing of \[18F\]FDG-PET data by means of validated semi-quantitative methods is strongly recommended by the international scientific societies to improve diagnostic accuracy in neurodegenerative conditions \[[@CR7]--[@CR12]\]. Thus, the ambiguity associated with visual assessment and the  general support for semi-quantitative methods of \[18F\]FDG-PET data processing argues for the development of more effective parametric/quantitative approaches to assess \[18F\]FDG-PET in DLB diagnosis. We thus considered a large sample of patients with a diagnosis of probable DLB, as evaluated at follow-up. We assessed, at the single-subject level, the alterations in brain glucose metabolism characterizing this cohort of patients using standardized t-maps of hypometabolism. The aim of this retrospective study was to provide an extensive evaluation of the patterns of brain hypometabolism in a large sample of cases diagnosed with probable DLB at follow-up, in order to test \[18F\]FDG-PET accuracy (i) in predicting the final clinical diagnosis at a long-term follow-up and (ii) in the differential diagnosis of DLB with its most frequent misdiagnoses, namely AD dementia (ADD) and PD \[[@CR1]\].

Materials and methods {#Sec2}
=====================

Study design {#Sec3}
------------

From a large clinical cohort referred to the Departments of Neurology and Nuclear Medicine Unit of San Raffaele Hospital (Milan, Italy) between 2010 and 2015, we retrospectively selected 72 patients who had a final clinical diagnosis of probable DLB. Each patient received a clinical assessment at entry, defined in this study as "clinical classification at entry". Notably, at the time of the first clinical assessment, they were characterized by ambiguous and heterogeneous clinical presentations, making the clinical diagnosis challenging. Within 3 months of the first clinical assessment, an \[18F\]FDG-PET scan was obtained for each patient, as is standard procedure at San Raffaele Hospital. After a mean follow-up period of 2.94 ± 1.39 years, a final clinical diagnosis was made in accordance with DLB diagnostic criteria ("diagnostic reference") \[[@CR5]\].

We assessed the value of \[18F\]FDG-PET classification alone (i) in the predictive diagnostic performance and (ii) in the discriminative diagnostic performance.

Participants {#Sec4}
------------

At the time of the first clinical assessment, *N* = 34 patients were classified as probable DLB, *N* = 10 as possible DLB \[[@CR5]\], *N* = 5 as atypical parkinsonism (unspecified subtypes), *N* = 15 as mild cognitive impairment (MCI) \[[@CR13]\], and *N* = 8 as another dementia (i.e., four suspected probable ADD, one fronto-temporal dementia, and three dementia with uncertain diagnosis) (see Fig. [1](#Fig1){ref-type="fig"}; Table [1](#Tab1){ref-type="table"}). In possible DLB cases, there was very doubtful presence of visual hallucinations or cognitive fluctuations, only reported by the relatives during the interviews but not tested through specific psychometric assessments (e.g., \[[@CR14], [@CR15]\]) or evaluated by standard sequential neuropsychological exams.Fig. 1Flowchart of the classification process of the 72 DLB patients. Flowchart depicts the classifications of patients according to clinical classification at entry (*T* = 0), \[18F\]FDG-PET SPM classification (*T* ≈ 3 months) and final clinical diagnosis at follow-up (*T* ≈ (2.94 ± 1.39 \[0.34--6.04\] years). Abbreviations: ADD, Alzheimer's disease dementia; APD, atypical parkinsonian disorders; DLB, dementia with Lewy bodies; MCI, mild cognitive impairment; PD, Parkinson's diseaseTable 1Demographics and clinical features of the case series at entry and follow-up*Clinical classification at entry*Possible DLBProbable DLBAtypical parkinsonismMCIOther dementias*N*10345158Gender (M/F)4/621/133/210/54/4Age at PET scan (years)70.40 ± 7.93 (59--81)74.56 ± 7.94 (48--93)68.20 ± 8.08 (57--77)68.80 ± 5.47 (58--78)75.00 ± 6.14 (68--88)MMSE score at entry19.11 ± 3.68 (14--24)17.87 ± 5.21 (7.70--26.70)18.76 ± 2--20 (15.60--20.30)22.20 ± 2.86 (18.9--27)13.36 ± 2.06 (10--15.3)Disease duration at entry (years)3.68 ± 2.75 (1.00--10.75)2.38 ± 1.53 (0.20--6.00)2.30 ± 2.09 (0.30--5.50)1.23 ± 0.83 (0.33--2.90)3.59 ± 2.07 (0.20--7.00)Time of follow-up (years)2.70 ± 1.63 (0.34--4.36)3.09 ± 1.46 (0.77--6.04)3.71 ± 1.29 (2.92--5.20)2.89 ± 0.32 (0.78--4.93)1.41 ± 0.39 (1.16--1.86)Visual hallucinations (%)30%53%40%53%63%Cognitive fluctuations (%)0%35%20%27%38%Parkinsonism (%)100%94%100%67%75%^a^Clinical classification at follow-upProbable DLBProbable DLBProbable DLBProbable DLBProbable DLBVisual hallucinations (%)90%74%80%67%88%Cognitive fluctuations (%)70%82%60%53%63%Parkinsonism (%)100%100%100%80%75%RBD (%)40%62%20%40%38%Neuroleptic sensitivity (%)10%6%0%0%0%Available DATSCAN (N)3 out of 10 (positive)7 out of 34 (positive)3 out of 5 (positive)1 out of 15 (positive)0 out of 8^a^Clinical Research Criteria for probable DLB diagnosis according to McKeith et al. 2005Data are reported as mean ± standard deviation (range)*Abbreviations*: *DLB* dementia with Lewy bodies, *MCI* mild cognitive impairment

Expert neurologists made the final diagnosis of probable DLB at follow-up in the presence of at least two core symptoms (i.e., cognitive fluctuations, visual hallucination (VH), or parkinsonism), or one core symptom plus at least one suggestive feature (i.e., RBD, severe neuroleptic sensitivity, or low dopamine transporter uptake at SPECT) \[[@CR5]\]. Specifically, presence of parkinsonism was defined as the presence of one or more spontaneous cardinal features, namely bradykinesia (defined as slowness of movement and decrement in amplitude or speed), rest tremor, or rigidity. Cognitive fluctuations were defined as alternating periods of cognitive impairment and normal or near-normal cognitive function also accompanied by pronounced variations in attention and alertness, according to serial cognitive examinations and the detailed anecdotal interviews with patients and caregivers. VH were considered present when patients experienced well-formed images of people, animals, or objects, as reported by detailed anecdotal interviews with patients and caregivers. Diagnosis of RBD was made according to the international diagnostic criteria (American Academy of Sleep Medicine, 2014).

In addition, in some cases, supportive biomarkers were also employed to aid the final diagnosis ("diagnostic reference"), namely \[18F\]FDG-PET (100%, positivity 89%), CT/MRI (100%, positivity 68%), and EEG (51%, positivity 46%). The percentage of presence of DLB core clinical features and supportive features (DaTSCAN and RBD) in probable DLB cases at follow-up is available in Table [1](#Tab1){ref-type="table"} \[[@CR5]\].

Cognitive functions were evaluated by a team of neuropsychologists by means of a thorough neuropsychological battery. The disease duration was defined as the time between the appearance of the earliest clinical symptoms, as reported by the patients and/or caregiver, and the clinical assessment at entry. Demographics at entry are reported in Table [1](#Tab1){ref-type="table"}.

In order to provide a thorough sample of cases for the most challenging differential diagnoses of DLB defined previously, we included two additional patient groups: ADD (age in years 68.87 ± 6.28; MMSE 19.16 ± 4.85; disease duration in years 3.07 ± 1.69) and PD (age in years 62.47 ± 10.91; MMSE 28.76 ± 1.23; disease duration in years 4.75 ± 2.57). Both groups were part of the internal clinical and PET imaging databases from the participating centers (the Neurology Departments and Nuclear Medicine Unit of San Raffaele Hospital, Milan; Neurology Unit, Department of Clinical and Experimental Sciences, University of Brescia, Brescia, Italy). In detail, we included 60 patients diagnosed as probable ADD, in accordance with standard diagnostic criteria \[[@CR16]\]. Diagnosis of probable ADD was confirmed in all cases at follow-up (3.25 ± 1.05 years) and supported by evidence of AD pathophysiological processes \[[@CR16]\], as shown by either cerebrospinal fluid (available in 67% cases), MRI (65%), and/or \[18F\]FDG-PET exams (100%). The group was comprised of typical ADD cases and five patients with the posterior cortical atrophy (PCA) variant, a number consistent with the estimated 5--10% prevalence of ADD-PCA in ADD \[[@CR17]\]. We also included 36 patients diagnosed as idiopathic PD in accordance with standard diagnostic criteria \[[@CR18]\], with a clinical follow-up (4.02 ± 0.2 years) and no dementia. The diagnosis of PD was clinically confirmed according to the neurological examination at follow-up and sustained response to levodopa treatment.

\[18F\]FDG-PET {#Sec5}
--------------

\[18F\]FDG-PET scans were acquired using a Discovery STE PET scanner (3.27 mm thickness; 5.55 mm in-plane FWHM), manufactured by GE Healthcare. The \[18F\]FDG-PET acquisition procedures conformed to the European Association of Nuclear Medicine guidelines \[[@CR19]\]. Static emission images were acquired 45 min after injecting 185--250 MBq of \[18F\]FDG via a venous cannula, with 15-min scan duration. Data obtained from steady-state static \[18F\]FDG-PET acquisition were demonstrated to be comparable to the \[18F\]FDG-PET data obtained from dynamic quantitative acquisition procedures \[[@CR20]\].

All images were reconstructed using an ordered subset-expectation maximization algorithm. Attenuation correction was based on CT scans. Each reconstructed image was visually inspected to check for major artifacts. Image pre-processing was performed using SPM5 software (<http://www.fil.ion.ucl.ac.uk/spm/software/> spm5/), running in Matlab (MathWorks Inc., Sherborn, MA, USA. Images were spatially smoothed with an isotropic 3D Gaussian kernel (FWHM 8--8--8 mm). Global mean scaling was applied to each image in order to account for between-subject uptake variability \[[@CR21]\].

Statistical analysis {#Sec6}
--------------------

### Group analysis {#Sec7}

We performed a voxel-wise group analysis to obtain the common pattern of brain hypometabolism in the final DLB group, namely in those patients with a DLB diagnosis confirmed at follow-up. We obtained the common hypometabolism pattern by comparing the DLB group with a large database of normal controls (*N* = 112; age 64.68 ± 9.35; M/F 53/59) by means of a *t*-test statistical comparison on SPM, entering age as nuisance covariate. Extensive information on the characteristics of the normal control case series can be found elsewhere \[[@CR6], [@CR22]\]. The statistical threshold was set at *p* = 0.05, FWE-corrected for multiple comparisons. Only clusters containing more than 100 voxels were deemed to be significant.

### Optimized single-subject \[18F\]FDG-PET SPM analyses {#Sec8}

Individual patient hypometabolism SPM-t-maps were obtained by means of a two-sample *t*-test with comparison to a large database of 112 normal controls and with age entered as a nuisance covariate (*p* \< 0.05 FWE-corrected, minimum cluster extent *k* = 100 voxels). SPM-t-maps were evaluated by four imaging experts, who classified patterns of brain hypometabolism according to the disease-specific patterns reported in the literature \[[@CR4], [@CR6], [@CR23], [@CR24]\]. In order to provide an unbiased \[18F\]FDG-PET classification, each rater was blinded to the SPM-t-maps classifications produced by the other experts, the clinical diagnoses, and any other information about the patient. Patients received a hypometabolism classification based on their topographical features. Medial and lateral occipital cortex hypometabolism with involvement of temporo-parietal and frontal cortices represents the DLB-like metabolic pattern \[[@CR4], [@CR23]\], bilateral temporo-parietal and/or precuneus/posterior cingulate cortex hypometabolism represents the AD-like metabolic pattern \[[@CR6]\], temporo-parietal and occipital hypometabolism, associated with hypometabolic foci in the frontal eye field regions, represents the hypometabolism pattern in PCA variant of AD \[[@CR25]\], and very limited brain hypometabolism confined to premotor and motor regions is the typical pattern in PD \[[@CR24], [@CR26]\].

Inter-rater agreement was assessed by Cohen's *K*. The SPM-t-map classification was computed based on a supermajority criterion.

The *predictive diagnostic performance* of the \[18F\]FDG-PET single-subject SPM-t-map classification was evaluated by computing the agreement between SPM-t-map classification and the diagnostic reference. We also computed the agreement between classification at entry and diagnostic reference (McNemar test).

The *discriminative diagnostic performance* of the \[18F\]FDG-PET single-subject SPM-t-maps was evaluated by using measures of sensitivity, specificity, and accuracy, considering the final clinical diagnosis at follow-up as the diagnostic reference. We selected a series of features as hallmarks for discriminating DLB from the other conditions, namely (i) the presence/absence of hypometabolism in the occipital lobe, (ii) the cingulate island sign (CIS) \[[@CR27]\], (iii) the presence/absence of hypometabolism in dorsolateral prefrontal cortex (DLPFC), more prominent in DLB as compared to ADD-PCA patients \[[@CR25]\], and (iv) hypometabolism asymmetry, more prevalent in ADD-PCA \[[@CR28]\]. The cingulate island sign was quantified as previously described \[[@CR27]\] by calculating the ratio between \[18F\]FDG-PET uptake in the posterior cingulate cortex and the sum of the \[18F\]FDG-PET uptake in precuneus and cuneus regions \[[@CR27]\]. A ROC analysis was then run to find the optimal cut-off CIS value to discriminate between DLB and ADD subjects. Performance of hypometabolism hallmarks was evaluated as above and directly compared in a ROC curve analysis by means of a DeLong test for paired samples.

### Hierarchical cluster analysis {#Sec9}

In order to investigate the presence of metabolic subtypes within our patient series, we performed a hierarchical cluster analysis on regional \[18F\]FDG-PET hypometabolism (Table [2](#Tab2){ref-type="table"}). To do so, we selected a set of *N* = 14 a priori defined regions of interest (ROIs) known to be involved in dementia with Lewy bodies \[[@CR23], [@CR29]\] and extracted regional hypometabolism values from the single-subject SPM-t-maps. These ROIs were derived from (i) the Automated Anatomical Labelling (AAL) Atlas \[[@CR30]\] for the calcarine cortex, cuneus, superior occipital gyrus, middle occipital gyrus, inferior occipital gyrus, fusiform gyrus, lingual gyrus, inferior temporal gyrus, middle temporal gyrus, superior temporal gyrus, and precuneus, (ii) Sallet's Dorsal Frontal Parcellation Atlas \[[@CR29]\] for the DLPFC, and (iii) the AD-related MetaROIs as proposed by Landau and colleagues \[[@CR30]\] for the posterior cingulate cortex and angular gyri.Table 2Clinical and neuropsychological features of the case series at entry subdivided according with the hierarchical cluster analysis into subgroup A and subgroup B (see text)Subgroup ASubgroup BSign.Visual hallucinations (%)43.9%58.1%.234Cognitive fluctuations (%)26.8%29.0%.836Parkinsonism (%)85.4%90.3%.529Disease duration (mean ± sd)2.43 ± 2.132.52 ± 1.530.835MMSE (mean ± sd)19.96 ± 4.3916.24 ± 4.870.003^\*^Attentive matrices (mean ± sd)28.05 ± 12.7516.29 ± 12.030.003\*Clock drawing test (mean ± sd)2.28 ± 2.950.37 ± 1.160.013**\***Corsi span forward (mean ± sd)2.02 ± 1.892.29 ± 1.590.673Digit span forward (mean ± sd)4.83 ± 0.994.38 ± 1.640.23Semantic fluency (mean ± sd)22.05 ± 9.4720.06 ± 9.480.462Phonemic fluency (mean ± sd)16.03 ± 11.0812.71 ± 11.470.302Raven's Colored Progressive Matrices (mean ± sd)19.17 ± 6.7413.61 ± 9.650.04**\***Rey figure---copy (mean ± sd)11.53 ± 10.779.77 ± 9.710.623Rey figure---delayed recall (mean ± sd)4.63 ± 4.124.33 ± 4.160.84Rey Verbal Learning Test (mean ± sd)2.46 ± 2.951.72 ± 2.750.496Short story---delayed recall (mean ± sd)5.2 ± 3.424.69 ± 5.660.727Data at baseline*Abbreviation*: *sd* standard deviation; \*significant at *p*\<0.05 at two-sample t-test

The obtained ROIs × subjects matrix was considered for the principal component analysis that was performed to reduce dimensionality. Individual scores then entered a hierarchical clustering analysis based on maximum distances (*supremum norm*) with the Ward clustering method. We had no a priori assumptions on an optimal cluster solution. After selection of the optimal cluster solution, the subgroup-specific patterns of \[18F\]FDG-PET hypometabolism were evaluated both by means of an age-corrected two-sample *t*-test performed in SPM and an evaluation of the regional hypometabolism at the single-subject level, as described above. Subgroup differences in symptom prevalence and severity of neuropsychological deficits were tested by means of Pearson's chi-square tests and multiple independent sample *t*-tests, respectively. All the analyses were performed with RStudio software built-in packages (v. 1.0.136) \[[@CR31]\] and FactoMineR package \[[@CR32]\].

Results {#Sec10}
=======

For the brain hypometabolism assessment, the common DLB hypometabolism pattern is presented in Fig. [2](#Fig2){ref-type="fig"}. The DLB hypometabolism pattern obtained at the group level involved the lateral and medial occipital cortex, temporo-parietal cortex, and frontal cortex. This topographical distribution was consistently found in the hypometabolism SPM-t-maps obtained at the single-subject level with our optimized SPM procedure (see Fig. [3](#Fig3){ref-type="fig"} for illustrative examples).Fig. 2Topographical distribution of brain hypometabolism in the whole DLB group. \[18F\]FDG-PET SPM group analysis obtained by statistically comparing DLB group with healthy controls database (see text for details). Yellow/red scales represent hypometabolism severity (*p* \< 0.05 FWE-corrected, *k* = 100)Fig. 3Representative SPM-t-map at the single-subject level. Figure shows examples of \[18F\]FDG-PET single-subject SPM-t-maps across neurodegenerative conditions. Yellow/red scales represent hypometabolism severity, as obtained from the comparison with the normal control database (*p* \< 0.05 FWE-corrected, *k* = 100). Abbreviations: AD, Alzheimer's disease; DLB, dementia with Lewy bodies; PCA, posterior cortical atrophy; PD, Parkinson's disease

The independent raters identified the DLB-like pattern in 64 out of 72 cases clinically diagnosed as probable DLB at follow-up, 3 out of 60 ADD cases, and 5 out of 36 PD cases. The AD-like pattern was identified in 8 out of 72 DLB cases and 57 out of 60 ADD cases. The PD-like pattern was reported in 31 out of 36 clinically diagnosed PD and was not reported in other conditions (Table [3](#Tab3){ref-type="table"}). The SPM-t-map rater classification within the whole sample of 168 cases yielded substantial inter-rater agreement (Cohen's *K* mean 0.80).Table 3Prevalence and performance of hypometabolism patterns in discriminating DLB from ADD and PD patientsPrevalence (%) of hypometabolism patternsDLB-likeAD-likePD-likeDLB64/72 (88.9%)8/72 (11.1%)0/72 (0%)ADD3/60 (5%)57/60 (95%)0/60 (0%)PD5/36 (13.8%)0/36 (0%)31/36 (86.1%)Discriminative performance of hypometabolism patternsSensitivitySpecificityAccuracyDLB vs. ADD0.89  (0.79--0.95)0.95 (0.86--0.99)0.92 (0.86--0.96)DLB vs. PD1 (0.94--1)0.86 (0.70--0.95)0.95 (0.89--0.98)*Abbreviations*: *ADD* Alzheimer's disease dementia, *DLB* dementia with Lewy bodies, *PD* Parkinson's disease

The predictive diagnostic performance of \[18F\]FDG-PET single-subject SPM-t-maps yielded 88.89% agreement with the final clinical diagnosis at follow-up (diagnostic reference), with a significant increase (45.5%) of correct classification as compared to the clinical classification at entry alone (*χ*^2^ = 12.03, *p* \< 0.001) (Fig. [1](#Fig1){ref-type="fig"}).

The discriminative diagnostic performance of the SPM-t-map classification yielded an overall high accuracy: 0.92 (95%CI 0.86--0.96) accuracy in DLB vs. ADD classification and 0.95 (95% CI 0.89--0.98) accuracy in DLB vs. PD classification (Table [3](#Tab3){ref-type="table"}). As for the candidate features, occipital hypometabolism had the highest discriminative ability in both the DLB vs. ADD and DLB vs. PD comparison. In discriminating DLB from ADD, the presence of occipital hypometabolism yielded significantly higher AUC than the presence of the cingulate island sign (*Z* = 3.01, *p* = 0.003) (Table [4](#Tab4){ref-type="table"}; Fig. [4](#Fig4){ref-type="fig"}). The ROC delivered a CIS value of 0.82 as the optimal cut-off score to discriminate between DLB and ADD patients. Cingulate island sign and hypometabolism symmetry were not evaluated for the PD case series, since the great majority of PD patients did not present a clear-cut hypometabolism pattern and/or hypometabolism in the posterior cingulate cortex, precuneus, and cuneus, making evaluation of these hallmarks inappropriate.Table 4Prevalence and performance of selected hypometabolism hallmarks in discriminating DLB from ADD and PD patientsPrevalence (%) of selected hypometabolism hallmarksOccipital hypometabolismCingulate island signDLPFC hypometabolismHypometabolism symmetryDLB66/72 (91.7%)57/72 (79.2%)31/72 (43.1%)71/72 (98.6%)ADD5/60 (8.3%)22/60 (36.7%)10/60 (16.7%)47/60 (78.3%)PD5/36 (13.9%)--2/36 (5.56%)--Performance of selected hypometabolism hallmarksDLB vs. ADD*Hypometabolism hallmarks*SensitivitySpecificityAccuracyOccipital hypometabolism0.92 (0.83--0.97)0.92 (0.82--0.97)0.92 (0.86--0.96)Cingulate island sign0.79 (0.68--0.88)0.63 (0.50--0.75)0.72 (0.63--0.79)DLPFC hypometabolism0.43 (0.31--0.55)0.83 (0.71--0.92)0.61 (0.53--0.70)Hypometabolism symmetry0.99 (0.93--1)0.22 (0.12--0.34)0.64 (0.55--0.72)DLB vs. PD*Hypometabolism hallmarks*SensitivitySpecificityAccuracyOccipital hypometabolism0.92 (0.83--0.97)0.86 (0.70--0.95)0.90 (0.83--0.95)Cingulate island sign**----**--DLPFC hypometabolism0.43 (0.31--0.55)*0.94* (0.81--0.99)0.60 (0.50--0.69)Hypometabolism symmetry**------***Abbreviations*: *ADD* Alzheimer's disease dementia, *DLB* dementia with Lewy bodies, *DLPFC* dorsolateral prefrontal cortex, *PD* Parkinson's diseaseFig. 4Received operating curves. Accuracy of the hypometabolism hallmarks obtained with the ROC analysis. The black line represents the diagonal reference. Abbreviations: ADD, Alzheimer's disease dementia; DLB, dementia with Lewy bodies; PD, Parkinson's disease; DLPFC, dorsolateral prefrontal cortex

The *hierarchical cluster analysis* identified two DLB subgroups with a fairly comparable sample size (*N* = 41 and 31) and slightly different occipital hypometabolism (Fig. [5](#Fig5){ref-type="fig"}). The two DLB subgroups significantly differed both in averaged scores of cognitive performance, regardless of disease duration. More severe occipital involvement was significantly associated with worse global cognitive function, visuo-spatial, visuo-perceptive, and executive deficits (Table [2](#Tab2){ref-type="table"}). Although symptom prevalence did not differ between clinical groups at baseline (Table [2](#Tab2){ref-type="table"}), significant differences became evident at follow-up, with more severe occipital involvement associated to an extremely high prevalence of VH (93.5% vs. 63.4%; *χ*^2^ = 8.887, *p* \< 0.005). More severe occipital involvement was also associated with a higher likelihood of *developing* VH: among VH-free patients at baseline, 84.6% of those with more severe occipital involvement developed VH at follow-up, as compared to only 34.8% of those with less severe occipital involvement (*χ*^2^ = 8.276, *p* \< 0.005).Fig. 5Hierarchical cluster analysis. Left panel, hypometabolism patterns differentiating the subgroup A (*N* = 41) and subgroup B (*N* = 31). Subgroups differed in severity of occipital hypometabolism, as shown in the brain renderings. Middle panel, raster plots showing the severity of regional hypometabolism at the single-subject level according to SPM-t values; ROIs are plotted on the ordinate axis; subjects on the abscissa axis. Right panel shows results of the head-to-head metabolic comparison between subgroups (*p* \< 0.05 FWE-corrected, *k* = 100). Abbreviations: Ag, angular gyrus; Cc, calcarine cortex; DLPFC, dorsolateral prefrontal cortex; FFg, fusiform gyrus; IOg, inferior occipital gyrus; ITg, inferior temporal gyrus; Lg, lingual gyrus; MOg, middle occipital gyrus; MTg, middle temporal gyrus; SOg, superior occipital gyrus; STg, superior temporal gyrus

Discussion {#Sec11}
==========

Previous \[18F\]FDG-PET studies in DLB mostly focused either on the assessment of \[18F\]FDG-PET hypometabolism patterns at the group level, thus not allowing for measures of diagnostic accuracy, or on the relationship between focal metabolic alterations and clinical symptoms.

In this study, we assessed the diagnostic accuracy of the disease-specific brain metabolic signatures at the single-subject level in a large series of patients with dementia with Lewy bodies. The results indicate a significant and consistent occipital hypometabolism pattern, as shown by the SPM-t-maps at the single-subject level, as a supportive and predictive hallmark for the diagnosis of DLB and, of note, for cases with uncertain diagnoses (atypical parkinsonisms or MCI) (see Fig. [1](#Fig1){ref-type="fig"}).

\[18F\]FDG-PET SPM hypometabolism pattern in DLB {#Sec12}
------------------------------------------------

The \[18F\]FDG-PET SPM maps confirmed the presence of a specific hypometabolism pattern, both at the group and single-subject level (Fig. [2](#Fig2){ref-type="fig"}; Fig. [3](#Fig3){ref-type="fig"}), in our DLB case series. This hypometabolism pattern was characterized by occipital, parieto-temporal, and frontal involvement, consistent with previous reports on very limited case series \[[@CR6], [@CR23], [@CR29], [@CR33]\].

Notably, the cluster analysis revealed two hypometabolism subtypes (Fig. [5](#Fig5){ref-type="fig"}), with the severity of occipital hypometabolism driving most of the difference. The reason why brain occipital regions may show different degrees of metabolic involvement in DLB is unclear. Brain glucose hypometabolism patterns, as revealed by \[18F\]FDG-PET, are related to the underlying synaptic dysfunction, as determined by local and long-distance effects due to underlying neuropathology \[[@CR34], [@CR35]\]. The occipital hypometabolism found in DLB is independent of brain atrophy, as gross structural changes in the occipital lobe do not occur in patients with DLB \[[@CR36]\].

In our series, more severe occipital involvement (Fig. [5](#Fig5){ref-type="fig"}) was predictive of a higher prevalence and higher likelihood of developing VH at follow-up, in keeping with the previously reported association between VH and occipital hypometabolism \[[@CR37]--[@CR39]\] and in support of the predictive ability of hypometabolism with respect to the development of clinical features. Deficits in the visuo-spatial, visuo-attention, and visuo-constructive cognitive domains, which have been suggested to promote VH \[[@CR40]--[@CR42]\], were also more severe in the subgroup with a more extensive occipital involvement. Converging evidence shows that both VH and neuropsychological deficits might be ascribed to cholinergic dysfunction \[[@CR43]--[@CR45]\]. The clinical and neuropsychological differences may therefore indicate different degrees of underlying cholinergic impairment, ultimately reflecting the variable occipital hypometabolism. It may also be speculated that the observed differences in severity of occipital hypometabolism could indicate the presence of a variable amount of neocortical occipital Lewy body pathology, supporting previous claims of possible DLB pathological subtypes \[[@CR46], [@CR47]\]. Accordingly, it has been suggested that Lewy body pathology could be the main determinant of occipital hypometabolism, whereas temporo-parietal hypometabolism in DLB might be driven by underlying AD pathology \[[@CR48]\]. Consistently, and in keeping with our findings, pure Lewy body pathology has been associated with greater impairment in visuospatial and visual perceptive abilities \[[@CR49], [@CR50]\], whereas comorbid AD pathology was related to worse performance in other cognitive domains, such as memory and orientation \[[@CR51]\].

\[18F\]FDG-PET SPM hypometabolism as a biomarker for DLB {#Sec13}
--------------------------------------------------------

Here, in a large series of cases, we have shown that \[18F\]FDG-PET alone, when combined with optimized semi-quantitative approaches at the single-subject level, is able to *predict the diagnosis* of DLB 3 years before the final clinical diagnosis, with extremely high accuracy (≈ 90%). This provides insight into the sensitivity of \[18F\]FDG-PET to define pathological changes when clinical diagnosis alone is still uncertain. Considering the high clinical variability \[[@CR1]\] and lack of a clear clinical picture in the initial phases of DLB, an early diagnosis based on clinical data alone may be challenging. Consistently, as shown in Table [1](#Tab1){ref-type="table"}, at entry (i.e., clinical classification at entry), 10 out of 72 patients were classified as possible DLB, and 34 out of 72 as probable DLB. The remaining clinical presentations were attributed to other dementias, such as ADD, or classified as atypical parkinsonisms or MCI. The possible diagnostic misclassifications at entry may be partially due to the clinicians' uncertainty about patients' clinical presentations. Several factors may have influenced the low level of confidence for the presence of core symptoms, e.g., very doubtful presence of visual hallucinations and cognitive fluctuations, only reported by the relatives and not evaluated by standard sequential neuropsychological exams. The high power of the \[18F\]FDG-PET hypometabolism signatures in predicting the final clinical diagnosis provided a ≈ 50% increase in accuracy compared to the first clinical assessment alone (clinical classification at entry). In cases of diagnostic uncertainty, the use of the \[18F\]FDG-PET biomarker in the flowchart may help to specify the clinical diagnosis, predicting the clinical scenario years in advance (Fig. [1](#Fig1){ref-type="fig"}). It is important to note that \[18F\]FDG-PET raters were blinded to clinical diagnoses at entry and follow-up, in accordance with the main objective of the study. In reality, however, the final clinical diagnosis was obtained with, and reinforced by, available core clinical features and supportive biomarkers, consistent with consensus guidelines \[[@CR5]\].

As for the differential diagnosis, the misdiagnosis of DLB as ADD is usually due to the overlap of both cognitive and behavioral symptoms \[[@CR4]\]. Previous studies aimed at assessing \[18F\]FDG-PET as a biomarker for the *differential diagnosis* between DLB and ADD reported overall good, although not always optimal, accuracy values (cfr. \[[@CR4]\]). When considering all available studies (see Additional file [1](#MOESM1){ref-type="media"}: Table S1 for an overview) with a fair sample size (*N* = 30) \[[@CR52], [@CR53]\], simple visual assessment produced accuracy values of around 70% (range 69--72%) and quantitative metrics produced an accuracy of 85%. Here, we adopted an optimized semi-quantitative SPM-based approach, which has previously shown excellent performance in discriminating dementia conditions \[[@CR6], [@CR54]\], outperforming visual qualitative assessment \[[@CR6]\]. Our results indicate that occipital lobe hypometabolism, found here in 91.7% of DLB patients and yielding the greatest ability to discriminate between DLB and ADD, is the dysfunctional signature of DLB (Table [4](#Tab4){ref-type="table"}; Fig. [4](#Fig4){ref-type="fig"}). The substantial, although suboptimal, accuracy produced using the cingulate island sign (ROC \< 80%) in comparison with the other hallmarks confirms its value in supporting differential diagnosis with AD, as acknowledged in the new DLB diagnostic criteria \[[@CR55]\]. Our cut-off CIS value of 0.82 to discriminate between DLB and ADD patients was consistent with a previous study showing that a CIS value of 0.81 optimally discriminated between AD and DLB pathology at post-mortem evaluation \[[@CR27]\]. Additionally, another study found a CIS value of 0.79 as the optimal cut-off to discriminate between clinically diagnosed DLB and ADD patients \[[@CR27]\]. It has been shown that a higher cingulate island sign value could be specifically associated with a lower neurofibrillary tangle (NFT) pathology Braak stage rather than with the presence of significant amyloid plaque deposition \[[@CR56]\]. Our results are consistent with this claim, suggesting that most of our clinically diagnosed DLB patients were likely to have lower NFT pathology as compared to the ADD sample.

Notably, the DLB vs. ADD classification was hampered by the presence of 8.3% of cases with the PCA variant in the ADD sample. The differentiation between PCA and DLB hypometabolism patterns can be challenging due to the topographical overlap in the hypometabolism patterns between the two conditions \[[@CR28]\] (Fig. [3](#Fig3){ref-type="fig"}). However, as shown in a recent study by Cerami et al., the focal hypometabolism of the frontal eye field regions may help in defining the PCA condition \[[@CR25]\], while a more diffuse involvement of DLPFC is frequently reported in DLB and not in PCA (Fig. [3](#Fig3){ref-type="fig"}).

Difficulty with diagnostic differentiation between DLB and atypical parkinsonisms is also frequent, due to ambiguous clinical presentations characterizing the initial clinical stages \[[@CR57]\]. Hughes et al. reported that although the clinical diagnosis at follow-up reached an 85% accuracy in predicting the post-mortem diagnosis, the clinical classification at entry was revised in 60% of patients \[[@CR58]\]. When the clinical scenario is still ambiguous, \[18F\]FDG-PET can provide patterns of brain hypometabolism able to accurately discriminate between DLB, progressive supranuclear palsy, cortico-basal degeneration, and multiple system atrophy \[[@CR23]\]. In a previous study, the \[18F\]FDG-PET single-subject procedure was applied in a more limited DLB case series (*N* = 29), showing promising discriminative abilities with respect to other atypical parkinsonian disorders in the early diagnostic phase \[[@CR23]\].

As for the DLB vs. PD classification, it must be noted that most of the PD patients (84%) presented with the typical PD-like \[18F\]FDG-PET pattern \[[@CR24]\] (excellently discriminated from DLB by the SPM-t-map classification). These stable, cognitively normal patients with PD might present with executive-attention deficits \[[@CR59]\] and very limited prefrontal hypometabolism, contrasting with the prevalent posterior cortical dysfunction characterizing DLB.

On the other hand, a small number (*N* = 5, 13.8%) of PD cases exhibited the pattern typically found in DLB, characterized by occipital and posterior parietal-temporal hypometabolism (Table [3](#Tab3){ref-type="table"}). The DLB-like pattern has been previously observed in patients with Parkinson's disease \[[@CR60], [@CR61]\]. Crucially, the DLB-like pattern was detected at the individual level in PD patients, even in the early disease phase, and was associated with an increased risk of developing dementia along the disease course \[[@CR24]\]. The hypometabolism overlap in patients on the trajectory to Parkinson's disease with dementia (PDD) and those with DLB is not surprising, considering the phenotypical, genetic, and pathological similarities between the two syndromes \[[@CR62], [@CR63]\]. Accordingly, the PDD/DLB distinction is today considered essentially a clinical one and purely based on the chronology of symptom presentation. The use of \[18F\]FDG-PET hypometabolism t-maps is thus critical in distinguishing between DLB/PDD and stable PD and is of extreme importance for prognostic accuracy and treatment options.

\[18F\]FDG-PET hypometabolism represents a flexible biomarker, able to differentiate DLB not only from ADD, but also from other parkinsonisms, either typical (as shown here) or atypical (see \[[@CR23]\]). This is different from DaTSCAN, currently included as an indicative biomarker in the DLB diagnostic criteria, which only provides a dichotomous discrimination between parkinsonisms and ADD and does not allow for a more fine-grained differentiation between DLB and typical and atypical parkinsonisms \[[@CR4], [@CR23], [@CR55]\]. Notably, \[18F\]FDG-PET, combined with semi-quantitative methods, allows for discrimination between DLB and ADD with accuracy even superior to that of DaTSCAN, whose sensitivity (78%), is also hampered by the negligible dopaminergic neurodegeneration characterizing some DLB cases (cfr. \[[@CR4]\]).

The \[18F\]FDG-PET classification showed substantial inter-rater agreement, consistent with previous validation studies in other neurodegenerative conditions \[[@CR6], [@CR23], [@CR54], [@CR64], [@CR65]\]. This supports the reliability of the \[18F\]FDG-PET SPM maps for diagnostic classification, suggesting that the assessment of disease-specific hypometabolism patterns obtained by this \[18F\]FDG-PET SPM procedure is not influenced by the specific rater expertise. Our SPM-t-maps, derived from voxel-by-voxel comparisons between an individual subject and a predefined normal database, provide fast and easily accessible information about the distribution of brain hypometabolism that does not require rater expertise. Similarly, a previous comparative study showed that the SPM-t-maps of brain hypometabolism provide the clinician with a higher degree of accuracy compared to visualization of standard rainbow maps of FDG uptake \[[@CR6]\]. The effectiveness of this procedure in clinical routine is supported by the independence of clinicians' expertise, as shown by comparable results among raters.

Limitations {#Sec14}
-----------

This is a retrospective study, in which patients' data were obtained by records collected during clinical routine, thus without following a standardized procedure. In some cases, the presence of the core symptoms (VH and cognitive fluctuations) was based on the caregivers' reports only, without further specific testing. This might have produced some clinical misclassifications at entry. It is to note that the classification of possible or probable DLB at baseline does not affect the final results on statistical concordance, since both possible and probable DLB diagnoses were equally referred to the DLB category. Finally, \[18F\]FDG-PET was available, together with other biomarkers, to support the final diagnosis, and this may have influenced the clinicians' final decision. Even if this study findings support the informative role of \[18F\]FDG-PET in the very early clinical phase of the diagnostic flowchart, replications considering post-mortem pathological diagnosis are needed.

Conclusions {#Sec15}
===========

We conclude that the typical brain hypometabolism pattern, crucially involving the occipital lobes and obtained with appropriate analytic methods, represents a reliable biomarker of DLB, thus supporting its inclusion in the current diagnostic criteria. This evidence also advocates for a reconsideration of the diagnostic flowchart for DLB and promotes the use of \[18F\]FDG-PET as a valuable biomarker that is very accurate in early DLB diagnosis and in the differential diagnosis with other parkinsonian and dementia conditions. Considering the high uncertainty of the first clinical assessment in parkinsonian and DLB conditions, \[18F\]FDG-PET, combined with optimized semi-quantitative approaches, is an effective tool to support differential diagnosis when clinical assessment is not yet reliably informative, thus shortening the diagnostic process. An accurate identification of the DLB condition from the first clinical assessment is critical in planning necessary therapeutic, organizational, and rehabilitative interventions.

Additional file
===============
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Additional file 1:Table S1. Summary of \[18F\]FDG-PET accuracy studies in DLB (DOCX 21 kb)

AD

:   Alzheimer's disease

ADD

:   Alzheimer's disease dementia

DLB

:   Dementia with Lewy bodies

DLPFC

:   Dorsolateral prefrontal cortex

MCI

:   Mild cognitive impairment

PCA

:   Posterior cortical atrophy

PD

:   Parkinson's disease

PDD

:   Parkinson's disease with dementia

SPM

:   Statistical Parametric Mapping

VH

:   Visual hallucinations
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